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Threshold behavior of the Cu L 3M 4,5M 4,5 Auger effect of Cu metal at theL 3 edge
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The CuL3M4,5M4,5 Auger effect from Cu metal resulting from photoexcitation across the CuL3 edge has
been investigated. We observe that~a! the resonant Auger features~lack of satellites below the1G line and
narrower linewidths! are noticeably different from those of normal Auger excited with photon energy far above
the threshold,~b! the Auger patterns exhibit a dispersion associated with varying excitation photon energy
slightly below the threshold, in accordance with the resonant Raman effect, and~c! on the lower kinetic-energy
side of the1G line there exists a shoulder not predicted by atomic theory; this feature skews the1G line and
is attributed to density-of-state effects. This threshold behavior and its implications are discussed in terms of
multielectron processes, resonant x-ray Raman scattering, and sublifetime x-ray-absorption near-edge structure
measurements using a partial Auger yield.
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The creation and decay of a core hole of an atom
threshold excitation energies presents a very interes
problem both theoretically and experimentally.1–10 In reso-
nant Auger, the excited electron remains in the vicinity of t
excited atom and will have an effect on the competing Au
and fluorescence deexcitation channels. More importan
the conventional notion of a two-step process~creation of a
core hole followed by Auger and fluorescence decay! is no
longer valid. This area of research has received consider
attention lately partly because of the advancement in s
chrotron light-source techniques and partly because of
advancement in theory.

The Auger resonant Raman effect refers to a phenome
parallel to the resonant x-ray Raman scattering of the c
peting fluorescence channel induced by thresh
excitation.1–6 Resonant Auger is distinct from normal Aug
in that the absorption and decay process has to be viewe
a single-step event. This situation arises when the exc
core hole decays before its relaxation is completed and
be understood in terms of the Kramer-Heisenberg equati1

Experimentally, however, the required conditions to obse
the above situation are stringent.7,8 High resolution is re-
quired for both the incoming photon and the analyzed Au
electron such that the overall experimental resolution is co
parable to or smaller than the lifetime broadening of the c
hole ~e.g.,;2.4 eV for Ag L3 and ;0.4 eV for CuL3).11

Thus experiments have to be conducted using synchro
light sources with sufficient brightness and high-resolut
monochromators to provide the essential flux a
resolution.6–10

Since the discovery of the Auger resonant Raman effec
Xe,3,4 there have been considerable systematic studies o
phenomenon using theL3M4,5M4,5 resonant Auger emissio
of the 4d noble metals Rh, Pd, and Ag and the
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compounds.7,8,12The resonant Auger characteristics observ
in these systems are~a! a dispersion in the kinetic energy o
the Auger electrons excited with photon energy in the vic
ity of the threshold,7,8 ~b! a linewidth narrowing of the Auger
resonance,7,8 ~c! a photon-energy-dependent line shape a
Auger satellite structures associated with the electronic st
ture and decay dynamics,12 and~d! a sublifetime appearanc
of the x-ray-absorption near-edge spectrum using a pa
Auger yield.12

Relative to 4d metals, studies concerning the abov
mentioned threshold characteristics for the 3d metals are
scarce. Weineltet al. recently reported a detailed study o
resonant photoemission of Ni using Ni 2p (L3,2-edge!
excitation.13 They observed Raman behavior at thresh
resonance. In Ni, the kinetic energy of thed-band photoemis-
sion electrons and theL3,2M4,5M4,5 resonant Auger electron
at an Ni 2p threshold excitation overlap somewhat. In C
however, there is enough separation between them. In a
tion, Cu is the prototype forL3,2M4,5M4,5 Auger studies14,15

and there have been several synchrotron studies of
L3,2M4,5M4,5 Auger of Cu and its oxides.16–18 However, the
emphasis of these studies was placed on the satellite s
tures, Coster-Kronig transitions, and chemical sensitivity
the delocalized two-hole final state in terms of the Ci
Sawatzky model.19,20 The challenges in studying the Auge
resonant Raman effect in 3d metals such as Ni and Cu ar
that the metald bands are directly involved in the Auge
process~this is not the case in 4d metals!, which complicates
the interpretation, and that the 2p3/2 and 2p1/2 core holes
already have narrow widths~0.4 and 0.62 eV, respectively!.11

The latter means that high photon resolution has to be u
and at the same time there must be sufficient photon flu
allow for good statistics. Undulator sources from thir
generation storage rings now provide sufficiently high re
©2001 The American Physical Society01-1
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FIG. 1. CuL3M4,5M4,5 Auger effects of Cu metal at and far above the CuL3 edge. The excitation energy relative to the threshold
denotedE-E0 with E05932.50 eV~inflection point!. The CuL3-edge XANES recorded in TEY is shown in the inset.
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lution and high flux for this type of experiment to be fe
sible. In this work, we report the observation of the Aug
resonant Raman effect in Cu metal and related phenomen
the spirit of previous studies on 4d metals~the characteris-
tics noted above!.7,8,12We will focus on the CuL3 edge and
the associatedL3M4,5M4,5 Auger decay channels.

The measurements were carried out using the SRI-C
2-ID-C soft x-ray undulator beamline at the Advanced Ph
ton Source. The beamline is equipped with a spherical g
ing monochromator~SGM! which operates at a tunabl
range of 0.5–3.0 keV with a resolving power up to 10 00021

A 600-l/mm grating was used for the measurements. W
entrance and exit slits of 10mm, this grating delivers a pho
ton flux of;1012photons/sec at a spot size of;0.5 mm with
a photon-energy resolution of 0.2 eV at the CuL3 edge
~;933 eV!. The monochromatic photons were focused o
the specimen inside an ultrahigh vacuum chamber, whic
equipped with a Physical Electronics 10–365 Å hemisph
cal electron-energy analyzer with 16-channeltron detec
and up to;25-meV resolution. Both 16- and single-chann
detection were used to observe linewidth narrowing in re
nant Auger. A pass energy of;6 eV was used for all the
resonant Auger measurements reported here. The ex
ments were carried out by first measuring the CuL3,2-edge
x-ray-absorption near-edge structure~XANES! of a clean Cu
~prepared by Ar ion sputtering!. Then high-resolution Auge
spectra were recorded with the photon energy tuned ac
the edge in small steps, one step at a time. Caution
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exercised to ensure that all the energies~photon and electron!
were calibrated properly. Thus photon energy was rec
brated after each fill with reference to the CuL3-edge thresh-
old energy,E0 ~inflection point of the edge jump!, at 932.50
eV using both absorption and photoemission~Fermi edge!. A
high-accuracy encoder controls the accuracy of the S
scanning mechanism. The uncertainty in the difference
photon energy is estimated at60.02 eV. Incident-photon flux
was monitored using a high-transmission gold mesh. Nor
absorption was obtained in the total electron yield~TEY!,
using drained current, and total fluorescence yield~FLY!,
using a silicon photodiode. The partial Auger yield was o
tained by monitoring the intensity of the1G peak in a con-
stant final-state mode as the photon energy was scan
across the edge.

Figure 1 shows the CuL3,2M4,5M4,5 Auger spectra of Cu
metal excited with photon energies riding on the rising ed
and far above the edge. The photon energy is reference
the threshold energyE0 of 932.5 eV~the inflection point!.
The CuL3-edge XANES recorded in TEY is shown in th
inset. The three-peak resonance is characteristic of clean
metal.22 It should be noted that except for the normal Aug
excited at 1100-eV photon energy, the rest of the series
recorded with a small difference~as small as 0.1 eV! within
a span of;2 eV. Several interesting features emerge fro
Fig. 1. First, it can be seen that the normal Auger exhibits
characteristic satellite structure in the region of 2–8 eV
low the most intense1G peak. These features are absent
1-2
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FIG. 2. Comparison of the normal and res
nant CuL3M4,5M4,5 Auger effects of Cu metal.
The difference curve corresponds to the shake
satellites of the normal Auger. The inset shows
fit of the resonant Auger spectrum. Some une
pected intensity based on the atomic theory w
seen in the region of;914.0 eV~see text!.
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resonant Auger with threshold excitation. This finding is
good accord with a previous report.17 The satellite in the
normal Auger spectrum is attributed to multielectron~shake!
processes associated with the creation of the core hole. W
the core electron is excited with photon energy at the thre
old E0 , the energy is not sufficient for the shake-up a
shake-off processes to take place. In fact they are abse
all photon energies below the CuL2 edge. This result may
indicate that the Coster-Kronig processes could also be
sponsible for the satellites. Second, there is a clearly not
able dispersion of the Auger lines, which shifts to lower
netic energy as the photon energy decreases below
threshold. Finally, there appears to be a noticeable skew
on the lower kinetic-energy side of the most intense1G
peak. The intensity of the shoulder is photon-energy dep
dent and it skews the1G line as the photon energy move
slightly further belowE0 .

Let us leave the dispersion behavior for the moment
compare in Fig. 2 the normal and resonant Auger exc
with photon energy far above the edge~1169 eV! and at the
first resonance~10.63 eV!, respectively. The atomic multi
plets characteristic of Cu are also shown for compariso14

The spectrum below the resonant Auger in Fig. 2 is the
ference between the normal and the resonant Auger a
normalization. These features are the shake-up satellite
the normal Auger spectrum.14,16,17They arise from multielec-
tron excitation,L3M4,5 shake-up. These processes requ
photon energy significantly exceeding the threshold ene
11510
en
h-

at

e-
e-

he
g

n-

d
d

f-
ter
of

e
y,

in good accord with previous results.16,17The resonant Auger
was fitted with several components~inset!. The fitting was
performed with a Voight function using the lifetime broade
ing as the Lorenztian component. We see that the fit produ
all the atomic multiplet features (1S: 24.05 eV,
3P1D: 1.07 eV, and 3F: 2.76 eV, relative to 1G at
915.52 eV! except a small shoulder~21.29 eV! of the 1G
peak. This shoulder was needed to improve significantly
quality of the fit. It reflects the skewed line shape that mo
fies considerably as the photon energy moves below
threshold. This behavior is of considerable interest and i
likely of similar origin ~densities-of-states effects at th
Fermi level! as observed in Ag metal.8 We return to this later.
In addition, there are two barely visible features between 9
and 928 eV that may be associated with delocalized two-h
states in terms of the Cini-Sawatzky theory.17,19,20 Still
higher-resolution work is necessary to confirm these ob
vations and their interpretation. Close examination of the1G
peak reveals that the resonant Auger peak is slightly
noticeably narrower than the normal Auger~by 0.1 eV out of
a width of ;0.9 eV!. The feature around 928 eV in th
resonant Auger spectrum is the Cud-band photoemission
which appears in the vicinity of the Auger multiplets. Fort
nately, this band is close enough to provide a calibration
the photon energy~position of thed band and relative inten
sity! but far enough from interfering with the major Auge
features. The Cud band exhibits enhanced intensity at res
nance. This is connected to resonant photoemission in w
1-3
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FIG. 3. A plot of the kinetic energy of the1G
peak vs excitation photon energy on and off res
nance E05932.50 eV. Two straight lines are
drawn to guide the eye for the normal and res
nant Auger region.

FIG. 4. Resonant Cu
L3M4,5M4,5 Auger effects of Cu
metal at several photon energie
above and below the threshol
~932.50 eV! and corresponding
derivatives. Notice the skewing o
the 1G peak shoulder at lower ki-
netic energy as the photon energ
decreases below the threshol
This is accompanied by a reduc
tion in peak height and a disper
sion as noted above.
115101-4
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FIG. 5. Cu L3-edge XANES
of Cu metal recorded in TEY,
FLY, and partial Auger yield (1G,
peak height, and a constant fina
state mode!. The spectra have
been normalized to unity edg
jump and the white line in the par
tial Auger yield is scaled to that o
TEY.
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the 2p-3d-transition final state and thed-band-continuum
final state become degenerated. These issues will be
with elsewhere.

We now return to the dispersion behavior of the Aug
multiplets in Fig. 1. The correlation of excitation photon e
ergy with the 1G peak position is plotted in Fig. 3. It is
immediately apparent that the resonant Auger exhibits a
man effect, similar to those observed in Ni~Ref. 13! and 4d
metals.7,8 The slope of the dispersion starting at;0.5 eV
below the threshold is reasonably linear with a slope
;1.1, similar to the Ni results.13 Dispersion is also seen i
the 3F and 1S components. It should be noted that the var
tion in both photon and electron energy in the region j
below the threshold is within a span of;1 eV, therefore
high-energy resolution and precise photon energy are crit
We recall the extra shoulder in the inset of Fig. 2 to refl
the skewing of the line, which is not part of the atom
multiplets.14,17The skewing becomes more prominent as
photon energy decreases from the first resonance maxim
to below the threshold. Figure 4 shows the progressive sk
ing of the line shape at the expense of the1G intensity as the
photon energy moves slightly below the threshold. This
havior is similar to that observed in Ag and could be attr
uted to densities-of-states effects in the vicinity of the Fe
level.8,22

It is also interesting to investigate the appearance of
absorption spectrum monitored by a high-resolution par
Auger yield. It has been shown that when the reson
Auger/fluorescence were used to monitor the absorpt
XANES with sublifetime resolution can be obtained.7,12,23

Thus a high-resolution Auger yield is potentially a ne
method to obtain a high-resolution XANES and has be
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used to obtain high-resolution results with some succe1

although its universality has not yet been fully establish
and requires more rigorous testing. Figure 5 shows the
L3-edge XANES monitored with the peak height of the1G
component together with XANES spectra recorded in TE
and FLY. The broadening seen in FLY is due to the thickn
effect ~self-absorption!. The most interesting feature is th
comparison between the TEY and the partial Auger yie
There is clearly a significant narrowing in the resonance s
in the XANES recorded with partial Auger yield. This obse
vation is similar to the sublifetime spectra observed at theL3
edge of 4d metals7,12 and partial x-ray fluorescence yiel
studies.23 Thus this techniques provides better sensitivity th
can be used to investigate chemical systematic12 as well as
interface and buried layers in thin films as was recen
reported.24 In addition, this technique should also be app
cable to the investigation of non-Fermi behavior of low
dimensional materials such as Luttinger liquids.25

We have reported a study of the threshold behavior of
L3M4,5M4,5 Auger effects at the CuL3 edge. The study re-
veals the observation of resonant Auger Raman effects in
It is also revealed that the general characteristics of reso
Auger in Cu such as linewidth narrowing, dispersion, a
high-resolution partial yield, bear great resemblance to th
of 4d metals, indicating universality of the behavior, a
though they differ in details. Finally, we want to reemphas
that the high-brightness synchrotron light source was an
dispensable and necessary tool for these type of experim
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Karis, A. Fölisch, N. Mårtensson, J. Sto¨hr, and M. Samant, Phys
Rev. Lett.78, 967 ~1997!.

14L. I. Yin, I. Adler, T. Tsang, M. H. Chen, D. A. Ringers, and B
Crasemann, Phys. Rev. B8, 2387~1973!.

15S. R. Barman and D. D. Sarma, J. Phys.: Condens. Matter4, 7607
~1992!.

16D. D. Sarma, S. R. Barman, R. Cimino, C. Carbone, P. Sen
Roy, A. Chainani, and W. Gudat, Phys. Rev. B48, 6822~1993!.

17D. D. Sarma, S. R. Barman, C. Carbone, R. Cimino, W. Eb
hardt, and W. Gudat, J. Electron Spectrosc. Relat. Phenom93,
181 ~1998!.

18M. Finazzi, G. Ghiringhelli, O. Tjernberg, Ph. Ohresser, and N.
Brookes, Phys. Rev. B61, 4629~2000!.

19M. Cini, Solid State Commun.20, 605 ~1976!.
20G. A. Sawatzky, Phys. Rev. Lett.39, 504 ~1977!.
21K. J. Randall, E. Gluskin, and Z. Xu, Rev. Sci. Instrum.66, 4061

~1995!.
22T. K. Sham, A. Hiraya, and M. Watanabe, Phys. Rev. B55, 7585

~1997!.
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